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Abstract 
Bisphenol-A based epoxy resin was modified by blending with 1% by weight (wt%) of methyl methacrylate (MMA)/glycidyl 
methacrylate (GMA) grafted depolymerized natural rubber (GDNR). The blend showed the impact strength of 163% higher than 
that of neat epoxy resin. In order to study the effect of alkalized and silanized woven sisal fiber on the properties of 1 wt% 
GDNR/epoxy resin blend, alkalized woven sisal fiber was prepared using 2 wt% NaOH solution and silanized fiber was prepared 
by treated alkalized fiber with Ȗ-glycidoxypropyltrimethoxysilane (A-187). Composites of the blend with alkalized and silanized 
woven sisal fiber were manufactured by hand-lay up process. Amounts of woven sisal fiber in the composite were 3, 5 and 7 
wt%. The flexural modulus of all composites was higher than that of the blend and increased with increasing the amount of fiber. 
In addition, when silanized sisal fiber was used, the composites showed further improvement in flexural modulus. Flexural 
strength of all composites was lower than that of the blend but it was improved after silanized sisal fiber was employed. 
Compared to GDNR/epoxy resin blend, the impact strength of the composite containing 7 wt% silanized sisal fiber was 
significantly enhanced to 230%. 
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1. Introduction 
Epoxy resin in its cured state has many desirable properties such as high stiffness and strength, excellent chemical 
and solvent resistance. However, its main drawback is brittleness. One of the most successful methods of improving 
epoxy toughness is blending with reactive liquid elastomers, e.g. amine-terminated butadiene acrylonitrile (ATBN) 
[1], carboxyl-terminated butadiene acrylonitrile copolymer (CTBN) [2], and maleated depolymerised natural rubber 
[3]. In the study of Prasoetsopha [4], it was also found that methyl methacrylate (MMA)/glycidyl methacrylate 
(GMA) grafted depolymerized natural rubber (GDNR) with a molecular weight about 26,000 g/mol can be used as 
an effective impact modifier for epoxy resin. Moreover, some research works [5]-[6] reported that both toughness 
and strength of rubber modified epoxy resin was further improved when compositing with reinforcing fiber.  
Reinforcing fiber can be synthetic or natural fiber. However, in view of environmental awareness, natural fiber 
such as sisal fiber and hemp fiber is more interesting. In this work, sisal fiber, a renewable natural fiber with a high 
specific strength and biodegradable properties, was selected. Normally, when hydrophilic fiber is employed in 
hydrophobic polymer, various fiber surface treatment have been done for improving interfacial adhesion and 
mechanical properties [7-8]. Therefore, the authors studied on the effects of alkalized and silanized woven sisal fiber 
on the mechanical properties of GDNR/epoxy resin blend. 
2. Experimental 
2.1. Materials 
Bisphenol-A based epoxy resin and polyamide were supplied by Siam Chemical Industry Co., Ltd. 
Depolymerized natural rubber (DNR) with a molecular weight of 55,984 g/mol was prepared following Tanaka et al. 
[9]. Toluene (Carlo Erba) was used as a solvent in the grafting DNR. MMA (Aldrich) and GMA (Aldrich) were 
used as grafted monomers onto DNR backbone. Initiators for grafting process were azo-bis-isobutyronitrile (AIBN, 
Carlo Erba). Acetone (Carlo Erba) was used to precipitate grafted depolymerized natural rubber. Sisal fiber used in 
this study was obtained from Nakhon Ratchasima, Thailand. NaOH (Carlo Erba) and Ȗ-glycidoxypropyl -
trimethoxysilane (A-187) were used for fiber surface treatment. 
2.2. Preparation of GDNR 
DNR was dissolved in toluene and heated to 80°C with stirring under a flowing nitrogen atmosphere. After 
complete dissolution of DNR, a monomer mixture of MMA/GMA (90/10 wt/wt%) in amounts of 30 parts per 
hundred of rubber (phr) was added. This was followed by the addition of AIBN at 2 phr. The reaction was continued 
for 2 h. At the end of reaction, the GDNR were precipitated by adding acetone at room temperature. After 
thoroughly washing with acetone, the GDNR were transferred to a vacuum oven at 40°C until weight is constant. 
2.3. Preparation of Alkalized and Silanized Woven Sisal Fibers 
Woven sisal fibers with a pattern shown in Fig. 1 were manufactured by hand weaving process. The dimension of 
woven fabric was 14 cm in width and 19 cm in length. To prepare alkalized woven sisal fiber (A-sisal), the woven 
fibers were soaked in 2 wt% NaOH aqueous solution for 2 h at room temperature. Then, woven fibers were washed 
thoroughly with water and air dried at 70° C overnight. To prepare silanized woven sisal fiber (S-sisal), A-sisal 
fibers were soaked in 2 wt% A-187 aqueous solution with a pH of 3.5 for 2 h at room temperature. Then, treated 
fibers were washed with water and dried at 70° C overnight. The weight of each fabric was about 1.55±0.05 g. 
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Fig. 1. Schematic representation of woven sisal fibers pattern used in composite preparation. 
2.4. Preparation of Alkalized and Silanized Woven Sisal Fibers 
The compositions of GDNR/epoxy blend and the composites of GDNR/epoxy blend and woven sisal fiber are 
shown in Table 1. Amount of epoxy resin used in all samples preparation was 150 g. The content (wt%) of fiber in 
the composite was based on the amount of epoxy resin and it was varied by the number of woven fabric layers. 
Table 1. Compositions of the blend and composites. 
Designation A-Sisal fiber (wt%) S-sisal fiber (wt%) GDNR (g) 
Neat epoxy resin - - - 
GDNR/epoxy blend - - 1.5 
Composite-3% A-sisal 3 - 1.5 
Composite-5% A-sisal 5 - 1.5 
Composite-7% A-sisal 7 - 1.5 
Composite-3% A-sisal 3 3 1.5 
Composite-5% A-sisal 5 5 1.5 
Composite-7% A-sisal 7 7 1.5 
 
GDNR was dissolved completely in epoxy resin at 80qC using a mechanical stirrer. For the blend preparation, the 
mixture was poured into a steel rectangular mold preliminary coated with releasing agent. For the composite 
preparation, the mixture was poured into the mold cavities about a half of mold depth after that the woven sisal 
fibers were slowly embedded to avoid the formation of air bubbles. After all the remaining resin was carefully 
poured into the mold cavities, the mold covers were tightened. The samples were allowed to cure at room 
temperatures for 4 h in the mold and the samples were cut and post cured at 120°C for 2 h. 
2.5. Material Characterization 
Degree of graftization and molecular weight of GDNR were analyzed by 1H-NMR spectroscopy and gel 
permeation chromatography respectively. Notched Izod impact strength was tested according to the ASTM D256. 
Flexural properties were characterized according to ASTM D790. Impact fractured surface of all samples were 
examined using a scanning electron microscope, SEM. 
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3. Results and discussion 
3.1. Material Characterization 
Molecular weight of GDNR was determined before blending with epoxy resin using gel permeation 
chromatography. The number average molecular weight, Mn, weight average molecular weight, Mw, and molecular 
weight distribution, MWD, of GDNR are tabulated in Table 2. 
     Table 2. Molecular weight and molecular weight distribution of GDNR. 
Grafted Natural Rubber Mn (g/mol) Mw (g/mol) MWD 
GDNR 25,991 70,574 2.715 
 
Degree of graftization of GDNR was estimated based on the copolymer composition using the 1H-NMR 
technique [10]. 1H-NMR spectrum of GDNR shown in Fig. 2 confirmed the attachment of MMA and GMA on the 
NR backbone. The signals of attached MMA and GMA were used for the calculation. 
 
Fig. 2. 1H-NMR spectrum of GDNR. 
From the signals shown in Fig. 2, the amount of MMA per proton (MMA), the amount of isoprene per proton 
(NR) and the amount of GMA per proton (GMA) were calculated using the following equations: 
MMA= Aį3.60
3
   (1) 
NR= Aį5.1మ
1
   (2) 
GMA=
Aį2.65-2.85
ʹ
   (3) 
where Aį3.60, Aį2.65-2.85 and Aį5.12 are the peak areas corresponding respectively to MMA, GMA and NR. Table 3 
shows the calculated degree of graftization which illustrated that both MMA and GMA were presented in grafted 
NR. However, the amount of MMA in grafted NR was higher than that of GMA. This was as expected because 
MMA used in grafting process was higher than GMA. 
     Table 3. Graft copolymer compositions of GDNR 
Grafted Natural rubber NR MMA GMA 
GDNR 10.050 0.117 0.073 
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3.2. Impact and Flexural Properties  
Fig. 3 shows the impact strength of neat epoxy resin, GDNR/epoxy blend and the composites of GDNR/epoxy 
blend and woven sisal fiber. It can be seen that an addition of GDNR significantly improved impact strength of 
epoxy resin. The impact strength of the blend was about 163% higher than that of neat epoxy resin. This could be 
because GDNR which presented as rubbery particles (see Figure 6) in matrix acted as stress concentrator creating 
shear yielding and/or crazing in the matrix leading to more energy absorption. 
When 3 wt% alkalized sisal fiber were incorporated into the blend, the impact strength decreased, nonetheless, 
the value was still higher than that of neat epoxy resin. The decrease in impact strength may be due to the following 
explanation. Firstly, small amount of sisal fiber led to a discontinuous of the matrix. Secondly, interfacial adhesion 
between fiber and the matrix was not good enough. Impact strength of the composite increased again as an amount 
of alkalized sisal fiber increased. In the case of composites containing silanized sisal fiber, all composites showed a 
higher improvement in their impact strength as compared to the composites of alkalized sisal fiber and 
GDNR/epoxy blend. The composite containing 7 wt% silanized sisal fiber showed the highest impact strength of 
230% higher than GDNR/epoxy blend. Breakages of better interfacial adhesion fiber may enhance energy 
dissipation. 
 
Fig 3. Notched Izod impact strength of (a) Neat epoxy resin, (b) GDNR/epoxy blend, (c) Composite_3% A-sisal, (d) Composite_5% A-sisal, (e) 
Composite_7% A-sisal, (f) Composite_3% S-sisal, (g) Composite_5% S-sisal, and (h) Composite_7% S-sisal. 
Flexural modulus and flexural strength of neat epoxy resin, the blend and the composites are shown in Fig. 4 and 
5 respectively.  
 
Fig 4. Flexural modulus of (a) Neat epoxy resin, (b) GDNR/epoxy blend, (c) Composite_3% A-sisal, (d) Composite_5% A-sisal, (e) 
Composite_7% A-sisal, (f) Composite_3% S-sisal, (g) Composite_5% S-sisal, and (h) Composite_7% S-sisal. 
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Fig 5. Flexural strength of (a) Neat epoxy resin, (b) GDNR/epoxy blend, (c) Composite_3% A-sisal, (d) Composite_5% A-sisal, (e) Composite_7% 
A-sisal, (f) Composite_3% S-sisal, (g) Composite_5% S-sisal,  and (h) Composite_7% S-sisal. 
When GDNR was added into epoxy resin, flexural modulus and flexural strength of the epoxy resin was slightly 
decreased. As expected, flexural modulus of all composites was higher than that of the GDNR/epoxy blend. This 
could be due to the high modulus of sisal fiber. When silanized sisal fiber was employed in the composites 
preparation, flexural modulus of the composites was further enhanced. This could be due to the better interfacial 
adhesion. In contrast, flexural strength of all composites was lower than that of the blend. However, the composite 
containing silanized sisal fiber showed an improvement of flexural strength compared to the composites prepared 
using alkalized sisal fiber. As mentioned before, the interfacial adhesion plays important role in improving 
mechanical properties of hydrophilic fiber and hydrophobic polymer composite. Therefore, silanized sisal fiber 
could has better interfacial adhesion with the matrix than alkalized sisal fiber. 
3.3. Morphological Properties of Neat Epoxy Resin, GDNR/Epoxy Blend and the Composites 
Fractured surface of neat epoxy resin, GDNR/epoxy blend and the composites are shown in Fig. 6. On inspection 
of Fig. 6(a), unmodified epoxy shows ridged surface. SEM micrographs of GDNR modified epoxy resin in Fig. 6(b) 
reveals two phases structure which comprised of the discrete rubber particles and the epoxy matrix. SEM 
micrographs of the composite containing silanized sisal fiber as shown in Fig. 6(f)-6(h), show smaller gaps between 
fiber and the matrix than the cases of alkalized sisal fiber (Fig. 6(c)-6(e)). In addition, there are many fiber 
breakages presented in Composite_5% S-sisal and Composite_7% S-sisal. This could support the improvement of 
impact strength and flexural strength of the composites produced using silanized sisal fiber. 
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Fig 6. SEM micrographs of (a) Neat epoxy resin, (b) GDNR/epoxy blend, (c) Composite_3% A-sisal, (d) Composite_3% S-sisal, (e) 
composite_7% A-sisal, (f) Composite_3% S-sisal, (g) Composite_5% S-sisal, and (h) Composite_7% S-sisal. Rubber particles are indicated by 
arrows. 
4. Conclusions 
GDNR used for modifying epoxy resin had a number average molecular weight about 26,000 g/mol. For the 
degree of graftization of GDNR, the amount of MMA per proton (MMA) and the amount of GMA per proton 
(GMA) were 0.117 and 0.073 respectively. GDNR improved impact strength of epoxy resin by 163%. With the 
exception of the Composite_3% A-sisal, impact strength of all composites was higher than that of the blend. The 
composite containing 7 wt% silanized sisal fiber showed the highest impact strength. Its impact strength was 230% 
higher than that of GDNR/epoxy blend. Flexural modulus of all composites was higher than that of GDNR/epoxy 
blend and increased with increasing fiber content. When silanized sisal fiber was employed, the flexural modulus 
was further enhanced. All composites showed lower flexural strength than neat epoxy resin and the blend. 
Nonetheless, the composite containing silanized sisal fiber showed an improvement of flexural strength compared to 
the composites prepared using alkalized sisal fiber. 
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